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Abstract 
Accelerator-based BNCT systems using 9Be(p, n) neutron sources have been constructed and under construction. 
This reaction become preferable over about 10 MeV since the neutron production becomes more efficient, but the 
radioactive products increase with the proton energy. In case of construction near a hospital we should consider not 
only the neutron production rate but also the radioactivity. Therefore, it is necessary to obtain information on the 
required beam power of an accelerator and the activity as a function of the proton energy to decide the optimal proton 
energy. We performed simulation calculations and first decided optimal thickness of MgF2 moderator and Fe filter to 
fulfill the neutronic conditions of BNCT. Then, we deduced accelerator power and found that the required accelerator 
power is approximately 30 kW around 10 MeV proton energy and decreases gradually with the proton energy. On the 
other hand, at energies less than 11 MeV, the photon dose rate around the target became lower for level for working 
around the target after seven days cooling time. Furthermore, the dose rate at the opening of a collimator reduced 
drastically after one hour cooling time at energy less than 10 MeV and got to a dose level at which 3 hours work/day 
can be done within the limits of regulation. We have therefore concluded that the optimal proton energy for BNCT is 
around 10 MeV from the results obtained here.  
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1. Introduction 
 
Boron Neutron Capture Therapy (BNCT) is one of radiation therapy. In this therapy, boron 
compounds are delivered to tumor cells in advance, and then epithermal neutrons are irradiated to a 
patient. The epithermal neutrons are moderated while going through a body and a ratio of the thermal 
neutron to the epithermal neutron become large around the tumor region. Alpha particle and lithium 
nucleus produced by the reaction of the thermal neutron with boron damage tumor DNA. The ranges of 
two particles are less than cell size, so BNCT can damage only tumor cell selectively.  
The BNCT has been performed using research reactors which are usually located at place far from 
hospitals. Accelerator based BNCT systems that can be constructed near hospitals are necessary and 
necessitate low activation of structure materials. 
Recently, an accelerator based 9Be(p,n) neutron source for the BNCT was constructed in Kyoto 
University Research Reactor Institute, Japan. This facility adopted the proton energy of 30 MeV and has 
been successfully operating, since the use of the high proton energy is effective to prolong lifetime of the 
beryllium target [1]. The high energy of protons makes the number of produced neutrons per proton 
increase and has the advantages such as the reduction in heat generation due to the decrease of the beam 
power of the accelerator, whereas the high energy of protons increases the number of high energy 
neutrons and may increase the neutron-induced radioactivity around the target due to the opening of the 
various nuclear reactions in materials. 
We therefore aimed at examining the effect of the energy of protons on the performance of models for 
the 9Be(p, n) neutron source. We have designed models for a Beam Shaping Assembly (BSA) equipped 
with a beryllium target, which had the same neutron beam properties under free-air condition and based 
on a proton accelerator with proton energies from 8 MeV to 15 MeV. We compared the accelerator beam 
power and the neutron-induced radioactivity between the BSAs in a common framework, and discussed 
the optimal proton energy.  
 
 
 
 
2. Calculation models of accelerator-based neutron sources for BNCT 
 
We searched an optimal set of geometrical parameters of a Beam Shaping Assembly (BSA) shown in 
Fig. 1 in the cases of the proton energies of 8, 9, 10, 11, 12, 13, 14 and 15 MeV. The target is laminated 
by a beryllium foil (thickness t = 0.04 cm), a foil of an anti-blistering material (t = 0.04 cm) and a copper 
can (t = 1.0 cm) having a cooling water channel (t = 0.3 cm) for heat removal. The thickness of the 
beryllium foil was chosen so that the protons injected to the beryllium foil do not stop in the beryllium 
foil [2]. The irradiation area on the beryllium foil is set at 169 cm2 so that the heat deposition in the target 
is lower than 200 W/cm2 under 30 kW operation of a proton accelerator. We explain the detail of the anti-
blistering material below. Table 1 summaries the yield of neutrons from the 9Be(p, n) reactions [3] for 
each proton energy. For reducing the fast neutron component from the treatment beam, we used the iron 
filter since the neutron cross section of iron has many peaks of resonance above the energy of 10 keV. 
The moderator made of magnesium fluoride is used to adjust the spectrum of treatment beam to the 
BNCT, since we have found from preliminary calculations that the magnesium fluoride produced 
epithermal neutrons more effectively than other candidates for moderator materials. To reduce the 
thermal neutrons and the high energy photons from the treatment beam, a slab of lithium fluoride and 
bismuth are put on the moderator. A collimator having an aperture of 12 cm consists of a polyethylene 
slab including lithium fluoride and a lead slab, in which the former strongly captures neutrons moderated 
in the polyethylene slab and the latter scatters high energy photons from the (n, γ) reactions in the 
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Material                     [unit : cm]
䐟 Target (Be, t=0.04), (Cu, t=1.0)
䐠 Filter (Fe, t=parameter)
䐡 Moderator (MgF2, t=parameter)
䐢 Thermal neutron shield (LiF, t=0.2)
䐣 Photon shield (Bi, t=2)
䐤 Collimator (LiF+PE50%, t=16)
䐥 Collimator (Pb, t=5)
䐦 Collimator (LiF+PE50%, t=parameter)
polyethylene slab. The collimator can thus control the treatment beam size and drop the radiation 
exposure to the organs around the object for the treatment.  
The optimal system that fulfils the criteria shown in Table 2 has been investigated by the following 
manner. First, by changing thicknesses of Fe-filter and MgF2-moderator, we selected the optimal 
combinations of their thicknesses so that the contamination of absorbed dose by fast neutron component 
decreases to a value less than 1×10-12 Gy cm2. Second, we searched the thicknesses of the collimators so 
that the dose equivalent rate of neutrons at a distance of 25 cm from the beam axis decreases to a value 
less than 1% of the value at the beam axis. Finally, we calculated the necessary proton beam current of 
the accelerator at which the epithermal neutron flux at the aperture of the collimator becomes 1.5×109 
n/cm2/s. 
We also investigated the neutron-induced radioactivity of the structure materials to evaluate radiation 
level during the maintenance of the target. Here, we put a criterion of radiation of 100 μSv/h at a distance 
of 30 cm from the center of target, since the work near the target should be finished within several 
minutes. Assuming that the target and a small part of the reflector are moved away from their original 
positions during the work near the target, we estimated the dose rate at a distance of 30 cm from the target 
with the geometry shown in Fig. 2. Here, the foil of an anti-blistering material that may be one of major 
sources of the dose rate around the target is interlaminated to reduce the blistering that damages the 
components of the target and shorten the lifetime of the target. We chose tantalum, titanium, niobium and 
vanadium as candidates for the anti-blistering material, since it is known that these materials have large 
diffusion constant for hydrogen atoms. In this estimation, we assumed four hours irradiation per day for 
50 days.  
Furthermore, we estimated the γ-dose rate at the opening of the collimator, since workers have to 
approach the opening of the collimator so as to prepare the irradiation or follow patients. For γ-dose rate 
around the collimator, we set the target value of 47.6 μSv/h at a distance of 1cm from the surface of 
collimator. This value, 47.6 μSv/h, is based on the Japanese regulation for the limit on radiation exposure,  
1 mSv/week, and was calculated on the assumption of a combination of an hour work near the collimator 
and 3 times of an hour irradiations per day. In this estimation, we assumed four hour irradiation per day 
for 5 days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Geometry of simulation (t : thickness). 
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30cm
Be, t=0.04cm
Anti-blistering material
(Ta, Ti, Nb, V) 
t=0.04cm
Cu, t=1.0cm
φ15cm
Optimal system
 The component of fast neutrons(10keV䠘E) are less than 1.0㽢10-12Gy䞉cm2.
 The dose equivalent rate of neutrons on the collimator at a distance of 25cm
from the beam axis is less than 1% of the value at the beam axis.
 The proton current to yield the epithermal neutron(0.5eV䠘E䠘10keV) flux of
1.5㽢109#/cm2/sec is the smallest.
Table 1. Neutron yield produced by 9Be(p,n) reaction. 
 
Neutron Yield by 9Be(p,n)
Proton energy 
[MeV]
Neutron yield 
[n/mC]
8 1.41x1013
9 1.92x1013
10 2.51x1013
11 3.18x1013
12 3.94x1013
13 4.78x1013
14 5.70x1013
15 6.71x1013
 
 
 
 Table 2. Criteria for designing the neutron source for the BNCT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Simulation geometry when workers approach the target. 
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3. Results and discussion 
3.1. Optimal moderator systems 
Fig. 3 shows the fast neutron component as a function of moderator thickness at three iron thickness. 
Fig. 4 shows the necessary proton beam current of the accelerator to get 1.5×109 n/cm2/s as a function of 
the moderator and the filter thicknesses in the case of the proton energy of 8 MeV. It was found that the 
combination of the moderator thickness of 24 cm and the filter thickness of 15 cm fulfils the criterion of 
the fast neutron contamination (1×10-12 Gy cm2) and requires minimum proton beam current to obtain 
1.5×109 n/cm2/s. Furthermore, Fig. 5 shows the neutron dose rate distribution from the beam center at 
proton energy of 8 MeV. We found that the collimator composed of the polyethylene slab of 16 cm and 
the lead slab of 5 cm is optimal since this drops the dose equivalent rate of neutrons to a value less than 
1% of that at the beam axis at a distance of 25 cm from the beam axis. Fig. 6 shows the dependence of the 
neutron dose rate distribution on the thickness of the additional slab of polyethylene set on the surface of 
the collimator at the proton energy of 11 MeV. We found that the optimal thickness of the collimator that 
is obtained above changes when the proton energy exceeds 11 MeV and we need to put the additional 
slab of polyethylene on the lead slab of 5 cm. Therefore, we put 1 cm polyethylene slab over 11 MeV 
although this value is little bit thicker. Through the same calculation process for other proton energies, we 
found the optimal filter and moderator thicknesses at each energy. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Dependence of the contamination of absorbed dose by fast neutron component on the moderator and the filter thicknesses, in 
the case of the proton energy of 8 MeV (left). 
Fig.4. Dependence of the necessary proton beam current on the moderator and the filter thicknesses, in the case of the proton energy 
of 8 MeV (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The dose equivalent rate of neutrons on the collimator (Pb) as a function of the distance from the beam axis, case of proton 
energy of 8 MeV (left). 
Fig. 6. Changes in the neutron dose rate distribution according to the thickness of the additional slab of polyethylene that is set on 
the surface of the collimator, case of proton energy of 11 MeV (right). 
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3.2. Dependence of required accelerator beam power on the proton energy 
We estimated accelerator beam power by multiplying the proton energy by the accelerator current 
required to obtain 1.5×109 n/cm2/s. Fig. 7 shows the required beam power as a function of proton energy. 
Here, the accelerator beam power changes irregularly between 10 and 11 MeV, since the thickness of the 
collimator increases by 1 cm in the proton energy range over 11 MeV as mentioned above. In the energy 
range over 10 MeV, the accelerator beam power decreases gradually and the values become lower than 
about 30 kW. We therefore should choose the accelerator beam power over 10 MeV, since the heat 
density produced by proton beam in the target is reduced and design of the heat removal becomes easier 
over 10 MeV.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Required accelerator beam power as a function of proton energy. 
 
 
 
 
3.3. Dose rate of photons at a distance of 30cm from the center of the target 
Fig. 8 shows the dose rate of photons from copper as a function of cooling time. It turned out that the 
photon dose rate from beryllium foil induced by neutrons was almost zero whereas one from copper was 
quite high due to gamma-rays from 60Co produced by 63Cu(n, α)60Co reactions. The threshold neutron 
energy of this reaction is around 3MeV and the cross section rise sharply from 3 MeV to 8 MeV. So, low 
energy proton which produces low energy neutrons reduces amount of 60Co. The calculation results show 
that if the target maintenance is performed after 7 days cooling, the use of proton energy lower than 11 
MeV gives dose rate of less than 100 μSv/h at a distance of 30 cm from the target.  
Fig. 9 and Fig. 10 show the dose rate of photons from anti-blistering materials as a function of cooling 
time in the case of the proton energies of 11 MeV and 15 MeV. The calculation results show that tantrum 
and titanium should not be used for the anti-blistering material. If the maintenance is performed after 7 
days cooling, niobium is preferable at the proton energy of 11 MeV. However, at the proton energy of 15 
MeV, vanadium is preferable to niobium since the radioactivity of niobium becomes high due to gamma-
rays from 92Nb produced by 93Nb(n, 2n)92Nb reaction.  
From these results it is found that use of proton energies less than 11 MeV is better from the 
maintenance point of view. Anti-bristling material should be changed between incident proton energy-
from 11 and 15 MeV. Here, discussion on anti-blistering material has just concerned the neutron-induced 
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radioactivity. Therefore, we should consider total performance including the cooling efficiency of the 
target and so on to decide anti-blistering material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Changes in the gamma dose rate of copper at each proton energy with the required beam current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. γ-dose rate of anti-blistering materials as a function of cooling time at 11 MeV proton (left). 
Fig. 10. γ-dose rate of anti-blistering materials as a function of cooling time at 15 MeV proton (right). 
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3.4. Dose rate of photons at the opening of the collimator 
Fig. 11 shows γ-dose rate from each structure materials at the opening of collimator as a function of 
cooling time in the case of the proton energy of 11 MeV. We found that the γ-dose rate is dominated by 
MgF2, the moderator material and is about 300 μSv/h at 10 minutes cool-down time. On the other hand, 
the corresponding dose rate of the Kyoto system, whose proton energy is 30 MeV, is estimated to be 900 
μSv/h by preliminary calculations. Therefore, γ-dose rate with using proton energy of 11 MeV could 
reduce to 1/3 of 30 MeV case at 10 minutes cool-down time. 
 Fig. 12 shows γ-dose rate from MgF2 at various sets of proton energy and beam current studied here. 
The dose rate before 10 minutes is dominated by 27Mg that is produced by 26Mg(n, γ)27Mg reactions, 
whereas the dose rate after 1 hour is dominated by 24Na that increases with increase in the proton energy 
and is produced by 24Mg(n,p)24Na reactions. We should choose the proton energy below 10 MeV, since 
the dose rate from MgF2 becomes lower than 47.6 μSv/h at ten hours cooling time for the proton energy 
of 11 MeV, which is thirteen times as long as that for 10 MeV. Anyway, γ-dose rate induced by low 
proton energy is pretty lower than that by high proton energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. γ-dose rate at the collimator as a function of cool-down time in the case of proton energy 11MeV. 
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Fig. 12. Changes in the gamma dose rate from MgF2 at the opening of collimator at each proton energy with the required beam 
current. 
 
 
4. Conclusion 
 
For searching optimal incident proton energy, we considered two points, accelerator beam power and 
neutron-induced radioactivity. About accelerator beam power, at the proton energy of 10 MeV the 
required power is about 30 kW and gradually decreases with proton energy. Therefore, it is better to use 
higher proton energy. On the other hand, about the neutron-induced radioactivity, the γ-dose rate from the 
target part at proton energy less than 11 MeV satisfies the criteria and that from magnesium fluoride 
becomes less than the criteria value assumed here at energies less than 10 MeV. We therefore concluded 
here that the optimal incident proton energy is around 10 MeV.  
We should note that we used simplified models for the search of optimal moderator systems and that 
there may be a method to increase the epithermal neutron intensity as shown by a result using a 
sophisticated calculation model [4]. Therefore, a further optimization study should be performed to 
maximize the intensity. 
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